Aims. We study the magnetic field and current structure associated with a coronal loop. Through this we investigate to what extent the assumptions of a force-free magnetic field break down and where they might be justified. Methods. We analyze a three-dimensional (3D) magnetohydrodynamic (MHD) model of the solar corona in an emerging active region with the focus on the structure of the forming coronal loops. The lower boundary of this simulation is taken from a model of an emerging active region. As a consequence of the emerging magnetic flux and the horizontal motions at the surface a coronal loop forms self-consistently. We investigate the current density along magnetic field lines inside (and outside) this loop and study the magnetic and plasma properties in and around this loop. The loop is defined as the bundle of field lines that coincides with enhanced emission in extreme UV. Results. We find that the total current along the emerging loop changes its sign from being antiparallel to parallel to the magnetic field. This is caused by the inclination of the loop together with the footpoint motion. Around the loop, the currents form a complex non-force-free helical structure. This is directly related to a bipolar current structure at the loop footpoints at the base of the corona and a local reduction of the background magnetic field (i.e., outside the loop) caused by the plasma flow into and along the loop. Furthermore, the locally reduced magnetic pressure in the loop allows the loop to sustain a higher density, which is crucial for the emission in extreme UV. The action of the flow on the magnetic field hosting the loop turns out to also be responsible for the observed squashing of the loop. Conclusions. The complex magnetic field and current system surrounding it can only be modeled in 3D MHD models where the magnetic field has to balance the plasma pressure. A one-dimensional coronal loop model or a force-free extrapolation cannot capture the current system and the complex interaction of the plasma and the magnetic field in the coronal loop, despite the fact that the loop is under low-β conditions.
Introduction
The solar corona is characterized by its high temperature and low plasma density. Mostly, there the magnetic field dominates the structures and dynamics of the coronal plasma as quantified by a low value of plasma-β. This is the ratio of magnetic to gas pressure. Under the assumption of a low-β corona, the magnetic field can be modeled using force-free extrapolation of the photospheric magnetic field (for a review, we refer to Wiegelmann 2008) . In these models, the force-freeness is ensured by requiring the currents to be parallel or antiparallel to the magnetic field, which turns out to be not always valid .
Since the coronal model of Gudiksen & Nordlund (2002 three-dimensional (3D) magnetohydrodynamics (MHD) models can produce a loop-dominated corona in a realistic setup. In particular these models generate self-consistently high coronal temperatures through the braiding of magnetic field lines (Parker 1972) driven by photospheric motions of the magnetic footpoints (e.g., Bingert & Peter 2011) . Such models produce a distribution of energy input consistent with the nanoflare model . The coronal emission synthesized from these models fits well with observed coronal loop properties. This applies to the spectroscopic properties, for example, average Doppler shifts (Peter et al. 2004 (Peter et al. , 2006 Hansteen et al. 2010) , the distribution of the emission within an active region or along a loop (e.g., Mok et al. 2005 Mok et al. , 2008 , or the appearance of (small) loops based on the observed photospheric magnetic field (Bourdin et al. 2013) . Therefore these models can be considered as a good representation of coronal structures and dynamics on the resolved scale (e.g., Peter 2015) . The magnetic field in these simulations turns out to be close to force-free. This is indicated by the exponential drop of both the averaged heating rate (∝ j 2 ) and magnetic energy (∝B 2 ) with the same scale height (Gudiksen & Nordlund 2005 ) (here j and B are the current density and the magnetic field strength, respectively). More direct support for the force-freeness is through the small angle between the current and the magnetic field, which is on average smaller than 20
• in a stable active region in the model of Bingert & Peter (2011) , shown in Bingert (2009) . However, a force-free magnetic field can also be achieved by a simplified high plasma-β coronal model (Warnecke & Brandenburg 2010) .
The most crucial test to ensure the field is force-free is to check the angle of the magnetic field to the electric currents, as well as the total current along the loop. While the angle should be close to zero or 180
• , of course, furthermore the absolute value of the current should be approximately constant. Because the magnetic field is expanding with height, this latter criterium implies that the total current through the cross section of a flux tube hosting the loop defined by a set of field lines has to be con- Both I and γ are plotted for twelve selected field lines in an EUV loop over the normalized arc length (i.e., 0 and 1 are in the photosphere and the apex is at about 0.5). I and γ are defined in Equations (1) and (2), respectively. The hot coronal part of the loop (with temperatures above 1 MK) is found between the vertical dotted lines. Based on data from Bingert & Peter (2011) . See Section 1. stant along the loop. However, the crucial part is that the current should not change sign. We analyze this briefly for the model of a stable active region from Bingert & Peter (2011) in which a quasi-steady loop forms and exists for about 30 minutes, similar to an observed loop. We display the total current and the angle in Fig. 1 for twelve selected field lines within the loops seen in extreme UV emission (EUV). From Fig. 1a it is clear that indeed the total current is more or less constant in the coronal part. Of course, this is no longer the case in the lower chromospheric and photospheric part of the loop. Furthermore, the sign of the current, and therefore its direction, is mostly positive in the coronal region. This behavior is underlined by the distribution of the angle γ between the magnetic field and the current density, as shown in Fig. 1(b) . In the coronal region, γ is preferential close to 180
• , indicating an antiparallel current along most of the magnetic field lines. From this we conclude that the magnetic field in the hot dense loops of this model is indeed forcefree. The (rough) alignment of the currents with the magnetic field is also found in models with a simpler magnetic geometry, for example, in the MHD model of Galsgaard & Nordlund (1996) of a loop in a straight geometry. In their reduced MHD model Rappazzo et al. (2008) investigated what role MHD turbulence plays in such a setup for the braiding of the magnetic field.
The question arises of whether or not a more dynamic model of an active region with a changing magnetic field in the corona would still host a magnetic field in a nearly force-free state. This motivates the analysis of a 3D MHD model of an emerging active region, and for this purpose we employ the model by Chen et al. (2014 , who simulated the coronal response to the formation of an active region through flux emergence in the photosphere. There, a coronal magnetic loop structure forms resulting in a bright loop seen in EUV at coronal temperatures. While this is a model of an emerging region, a real emerging active region on the Sun will be much more violent, and thus our considerations for violations of the force-free state should be considered as a lower limit. Where we see significant deviation from a forcefree magnetic field in this model, for the real Sun, much more severe violations should be expected.
A further motivation for our study are the recently performed plasma laboratory experiments of a coronal loop eruption (Oz et al. 2011; Myers et al. 2015) . In their setup, a hot plasma loop, considered to be the equivalent of a coronal loop, is generated by a constant current through a plasma confined by a complex loop-like magnetic field structure. This leads to a strong Lorentz-force, which is partly balanced by their plasma and in consequence causes an eruption. In their setup the magnetic field turns out to be mostly non-force-free. Even though these experiments are still far from the configuration of the solar corona they provide an interesting path towards understanding the eruption mechanism. Our study might provide some new insight into the current systems and magnetic field in and around coronal loops and therefore contribute to the improvement of the interpretation and further development of the experiments.
While the laboratory aspect has its own appeal, the main interest of our study is to test to what extent a changing magnetic field in an emerging active region is in a force-free state. For this we investigate data from an existing 3D MHD model (Section 2), investigate the current systems around the loop forming in this model (Section 3.1) and discuss its connection with the magnetic field structure (Section 3.3). Then we show how the plasma properties can influence the magnetic field structure and evolution (Section 3.4 and 3.5) . This leads us to the limitations of the force-free assumptions for emerging active regions in Section 4.
Three-dimensional magnetohydrodynamics model of the active region corona
In this work, we analyze data from the model described in detail in Chen et al. (2014 . The modeling strategy of that model is based on Bingert & Peter (2011 , but all data shown here are from Chen et al. (2014 . In short, in these 3D simulations the corona is modeled by solving the equations of compressible MHD with the Pencil Code 1 including the induction equation, continuity equation, momentum equation, and energy equation. Bingert & Peter (2011 used the photospheric magnetogram from an observed well evolved active region as the lower boundary of the magnetic field that is driven by horizontal motions. This leads to a more or less stable active region corona. In contrast, Chen et al. (2014 This shows a snapshot at time t = 12.5 min based on the data from the model by Chen et al. (2014 . The two panels show a view from straight above (top panel) and the side (bottom panel) of part of the computational domain; we refer to Section 2.
(2014). This flux emergence simulation is less violent than the emergence model by Cheung et al. (2010) but still features the transition from basically no magnetic field at the photosphere (our lower boundary) to two strong opposite polarity sunspots. In the coronal model of Chen et al. (2014 coupled to the flux emergence simulation this results in the formation of a coronal loop structure that is non-steady in nature. Thus this coronal simulation is well suited to studying the currents hosted in an active-region corona during phases of significant evolution. We focus our study mainly on a snapshot at t = 12.5 min of the coronal simulation of Chen et al. (2014 .
2
Besides twodimensional (2D) cuts and 3D volume rendering, we follow individual field lines and determine physical properties along them using the same technique as in Bingert & Peter (2011 and Chen et al. (2014) . As an illustration, we show in Fig. 2 the field lines over-plotted with the bright loop visible in EUV emission at time t = 12.5 min. Here we display the emission as it would be seen by the Atmospheric Imaging Assembly (Boerner et al. 2012) in its 193 Å channel showing basically Fe xii forming at about 1.5 MK. All the field lines are well inside the EUV loop and are therefore well suited to describing its plasma, magnetic field, and current properties. The EUV loop is bright only above ≈3 Mm because of the sensitivity in terms of temperature of the AIA 193 Å channel. The currents along these field lines in the Fig. 3 . Current properties along a loop in an emerging active region of Chen et al. (2014 . The format is the same as for the loop in the stable active region in Fig. 1 . Panel (a) shows the total current I along the loop that now changes sign and panel (b) displays the angle γ between current and magnetic field. Just as in Fig. 1 we show I and γ for twelve selected field lines in the loop (cf. Fig. 2 ) over the normalized arc length. Zero arc length is at the left footpoint of the loop (see Fig. 4 ). The two vertical dotted lines indicate the coronal region (above 1 MK) and the dashed line indicates zero current. We refer to Section 3.1. loop play a crucial role for the heating of the loop and its visibility in the EUV (for further details see Chen et al. 2014 ).
Results

Electric current system in and around the loop
We start by analyzing currents along the magnetic field lines in the loop structure seen in EUV. For this we define the total current I along the magnetic field B as
where
0 ∇ × B is the current density and A is the crosssection of the loop with the constant r 0 =0.5 Mm. By following an individual field line and normalizing by the magnetic field this is equivalent to following a flux tube that has an infinitesimally small diameter at the lower boundary. Just for convenience we used a value of 2r 0 =1 Mm at the height z=0, that is, the bottom boundary in the photosphere. The loop is then expanding according to flux conservation, that is, the cross-section A increases with decreasing magnetic field strength |B|. Basically calculating I through Equation (1) Chen et al. (2014 . The two panels show the side view (top panel) and the top view (bottom panel) on part of the computational box. The black lines are the field lines within the EUV loop (same as in Fig. 2 ) and the colored lines show current lines (or streamlines of the vector field of the current). The gray scale images show the vertical magnetic field at a height of z = 2.9 Mm at the base of the corona where the field already expanded and is rather smooth. The three color sets of current lines traced from different starting points: Near the positive polarity (red), negative polarity (purple), and from the loop apex (green). We refer to Section 3.1. density over the cross-section of a magnetic flux tube defined by a collection of field lines. The actual choice of r 0 does not matter in our analysis and is only used for convenience to get sensible units and values for I. A different value of r 0 would only result in a different amplitude of the I but would not give a different dependency along the loop.
We now address the question of if and how the total current changes along the loop in this emerging active region model. For this we plot in Fig. 3a the total current I as a function of normalized arc lengths for twelve different field lines, where the coronal part is found between the vertical dotted lines. In this coronal part, the plasma on the respective field line is hotter than 1 MK. All the field lines show a roughly similar behavior: In about three quarters of the coronal part the total current I is negative, whereas in the remaining quarter I is positive. This flipping in sign is also consistent with the angle γ between magnetic field and currents, which changes from almost 180
• to 30
• at the same location (Fig. 3b) . At first glance this sign flip of the currents seems to be counter-intuitive because it is not consistent with the approximation of a force-free magnetic field, where the total current has to be constant and either parallel or antiparallel throughout the whole loop (cf. Fig. 1a and Section 1). Thus in this simulation certainly the magnetic field is not force-free. Of course, we have to investigate why the magnetic field and current density are parallel on one side of the loop and antiparallel on the other side.
As a first step, we track the field lines or streamlines of the vector field of the current density. In the following we refer to these as current lines; they basically track the currents in our system. In Fig. 4 we show these current lines together with the magnetic field lines in a 3D volume rendering. The magnetic field lines we plot here are confined within the small cross-section of the actual loop seen in EUV and are the same field lines as shown in Fig. 2 . These field lines within the EUV loop run more or less parallel without showing a notable sign of a helical structure. If we were to also plot field lines further away from the center of the EUV loop, these would run roughly parallel, too, also not showing clear signs of a helical structure (we did not show these field lines further out to avoid a cluttering of the figure). The two footpoints of the field lines of the EUV loop are rooted in the periphery of the magnetic centers, or sunspots, of the active region, as expected (we refer also to discussion and Fig. 9 in Chen et al. 2014) .
In contrast to the magnetic field lines, the overall shape of the current lines is helical, winding around the magnetic field lines. To illustrate the overall structure of the current system, we highlight three types of current lines by color in Fig. 4 .
-The red current lines are traced starting from the positive magnetic polarity (right side of Fig. 4 ) and mostly continuously connect to the other negative magnetic polarity on the left side. They illustrate the continuous currents mostly antiparallel to the magnetic field. In addition, they show some winding around the magnetic field lines of the loop. -In contrast, the purple current lines are traced from the negative magnetic pole on the left side and first closely follow the loop to the apex. However, following this they change their direction and connect back to the same negative magnetic polarity on the left side. -The green current lines are traced from the apex of the loop in both directions towards the surface. These lines are helical and wind around the magnetic field lines of the loop. Furthermore, there seems to be more current lines connecting from the apex to the positive polarity than to the negative one.
These cases of current lines illustrate that the current along one single loop can have both signs, meaning that currents in the left leg of the loop are pointing downwards, so parallel to the magnetic field (cf. Fig. 3 ), and then further up change sign to become antiparallel with the magnetic field. This is because currents lines from outside the loop close inside the loop and thus run in the seemingly wrong direction. Only when considering the full 3D picture as in Fig. 4 can we understand the seemingly strange change of sign of the current within the loop as shown in Fig. 3a . In their model, Archontis & Hansteen (2014) , investigate the injection of a magnetic flux sheet into a convectiondriven model of the solar corona. They also find a complex current structure around a smooth magnetic field and in their model the currents are able to trigger several small flares. Furthermore, the complex helical structure of the current lines in our work suggest that the force-freeness of the magnetic field is only partially fulfilled. This is true not only in the surroundings of the loop as illustrated by the current lines in Fig. 4 , but also within the bright EUV loop, where in particular in the left quarter of the coronal part (from 0.1 to 0.3 normalized arc length) the angle between magnetic field and current is of the order of 30
• , so certainly not (anti-)parallel.
Driving at the base of the corona
What drives the currents within the loops system to change sign? To answer this we investigate the currents and the driving forces at the base of the corona. The flip of sign of the currents with respect to the magnetic field (as seen in Fig. 3a) implies that on both sides the currents are downward directed. On the left footpoint the magnetic field is negative (see Fig. 5b ), thus downward directed. There the angle γ between magnetic field B and current is small (Fig. 2) , so the currents are parallel to B and thus downwards. At the right footpoint the magnetic field is positive (upwards) but the angle γ is about 180
• , so the current is antiparallel to B and thus also downwards directed. This is also the case at the base of the corona. To illustrate this we show in Fig. 5a the vertical current at a constant height of 2.9 Mm. At the location where the field lines penetrate this height layer, the vertical currents at both loop footpoints are negative. That the downward directed currents at both footpoints are present at the base of the corona suggests that the direction of the currents in the loop is set by the dynamics at the bottom of the loop. An interesting feature is the bipolar curl structure surrounding the loop; in particular, it is significantly stronger than the overall current at this height (see Fig. 5a ). Directly in the neighborhood of the loop footpoint, the currents are negative, whereas towards the center of the plane (away from the sunspot), the currents are positive. Because of the symmetry of the simulation, the bipolar vertical current structure near the two sunspots is symmetric (see Fig. 5a-b) .
The currents at the base of the corona are generated by the velocity acting on the magnetic field. This can be seen by taking the curl of the induction equation, which describes the evolution of the current density. On the right-hand side (rhs), the dominant term is the double curl of the electromotive force ∇ ×∇×(u× B), whose vertical component is plotted in Fig. 5c . It shows clearly that the sign of current is generated by velocity field, which is driven by the convective motions in the photosphere that move and shear the magnetic field. However, the values indicate a typical timescale of just 10 seconds to produce the amount of current density seen in Fig. 5a .
Because of the small-scale flows in the photosphere and the resulting fluctuation of the (vertical) currents, it is difficult to pin-point the exact cause of the bipolar vertical current structure at the base of the corona (at a height of 2.9 Mm as visualized in Fig. 5a ). However, we see upflows into the loop and a coalescent flow driving the loop footpoints into the sunspots (as already pointed out by . In accordance with the above discussion of the double-curled electromotive force (Fig. 5c ), this flow structure is a good candidate for understanding the formation of the bipolar current structure at the loop footpoints.
In addition, we attempt to describe the current in the uncurled induction equation, where they are related to difference of (1) the electromotive force u × B and (2) the temporal evolution of the magnetic field or vector potential, respectively. The second is governed by the magnetic field evolution enforced at the photospheric level, that is, the magnetic field in the form of flux tubes is pushed through the lower boundary. A detailed analysis reveals that from the photosphere to the base of the corona these two contributions, that is, the electromotive force and the time evolution, are similar in strength and structure resulting in a small difference, which is the curl of the current. A clear correlation between u × B and the vertical component of the current is not present, however. This is not surprising because the currents are the (small) difference of two larger quantities. The typical structure of the currents at the base of each loop footpoint seen at z = 2.9 Mm in Fig. 5a is similar for heights near the coronal base. However, closer to the photosphere, the structure of the vertical currents becomes more complex, which is because of the small convection patterns. This renders the analysis of the ultimate origin of the sign of vertical current using the curled and uncurled induction equation in the photosphere an ill-posed problem. Fig. 6 . 3D rendering of the current and magnetic field lines around the loop in a top view from above the active region of Chen et al. (2014 . The colored plane at the bottom shows the vertical current J z at z = 2.9 Mm at the base of the corona; the color-coding and scale are similar to those in Fig. 5a for the same quantity at the same height. The gray-colored lines display the magnetic field lines connecting the positive and negative vertical current concentrations with each other. The red line shows a current line (or a streamline of the vector field of the current) connecting the positive vertical current concentration on the right-hand side to the negative concentration on the left-hand side. The yellow line also shows a current line, but connecting the positive and negative current concentrations on the right-hand side. We refer to Section 3.2.
The currents in the corona, and in the loop in particular, simply adjust to the current structure at the base of the corona. In particular, the bipolar current structure in Fig. 5a plays an important role in forming the current structure around and in the loop. To illustrate this fact, we show in Fig. 6 only a few selected magnetic field lines (gray) and current lines (red, yellow) connecting the bipolar vertical current concentration at the coronal base. One magnetic field line connects the positive (vertical) current on the left side to the positive current on the right side. The other fieldline connects the two patches of negative currents. So, at each of the two footpoints of each fieldline, the vertical current points in the same vertical direction (both times in or out of the loop). This is not a feature of these two selected fieldlines, but a general feature and reflects the discussion of the currents along selected fieldlines in Section 3.1.
The current lines behave differently. One current line (red) starts from the positive concentration on the right-hand-side, close to one of the field lines and ends at the negative concentration of the left-hand-side close to other magnetic field lines. On its way from one side to the other it leaves the magnetic field line that it started with, winds around the magnetic field (indicating a circular component of the current) and ends up with the another magnetic field line. The other current line (yellow) starts on the right side not too far from the other current line at the positive concentration, but connects to the negative current concentration on the same right side close to the other field line. This clearly shows that the currents along magnetic field lines change their sign, because the current lines have to connect the two different current polarities and therefore cannot be aligned with the magnetic field. Furthermore, the bipolar current structure is crucial for the current field line to wind around the loop or even turn back to the same side of the loop. However, in Section 3.4 we discuss that the plasma flows within the loop also have an influence on the helical loop structure.
Induced magnetic field and the coronal currents
The complex helical current system around the bright loop structure is a consequence of the magnetic field structure and the forces associated with it. The large-scale current system in the corona associated with the loop turns out to be strongly influenced by induced coronal magnetic field that locally reduces the background magnetic field of the active region. As a first step, we investigate how the magnetic field deviates from a current-free magnetic field, that is, a potential field. For this purpose, we extrapolate a potential field using the vertical magnetic field at the bottom boundary (z=0). We identify the difference of the potential and the actual magnetic field as the induced magnetic field B ind . This is the component of the magnetic field associated with the currents. To illustrate the induced field we show a vertical cut through the mid-plane between the two Fig. 8 . Relative induced magnetic field and current density in the y-z plane of the loop apex at x = 75 Mm of Chen et al. (2014 . The ratio of the modulus of the induced magnetic field in the x direction |B ind x | and the modulus of the total magnetic field |B x | is color-coded. The red arrows indicate vectors of the current density J in the y-z plane. We refer to Section 3.3.
loop footpoints (y-z plane at x=75 Mm) in Fig. 7a . Near the loop apex (at z≈15 Mm) B ind x has up to 4 G in the positive x direction. Because the overall magnetic field B points in the negative x direction at the apex with a strength of around 100 G, the induced field B ind reduces the background magnetic field by around 5%. The induced magnetic field in Fig. 7a has a shape similar to a tilted mushroom (also visible in Fig. 8 of Chen et al. 2014) . The induced field vectors in the vertical cut form a left-handed helical field above and beside the loop, where the field strength is smaller than in the x direction (Fig. 7a) . Below the loop, there exists a strong vertically upward-pointing induced magnetic field with a comparable strength to B ind x . In essence, while the overall magnetic field is running more or less straight from one footpoint to the other, this shows that the induced field has a clear helical structure. Nevertheless, because the induced field has a strength of only 5% of the overall background field, the helicity is not visible when simply plotting magnetic field lines.
To check that the induced magnetic field is consistent with the currents, we plot these together in Fig. 8 . Here we see the mushroom-type enhancement of the induced field that is restricted to the vicinity of the loop. While the actual EUV loop visible in coronal emission has a diameter of some 2 Mm (Chen et al. 2014) , here the region of the induced magnetic field covers a region (in a vertical cut near the apex) of almost 10×5 Mm 2 . While in this region the induced field is of the order of 5% of the background field, it is practically zero outside in the corona (of course, in the photo-and chromosphere where the field is far from being force-free the induced magnetic field is much larger). The currents in the vertical cut in Fig. 8 show a clear counter-clockwise rotation, which according to the righthand-rule is directly related to induced magnetic field in the positive x direction covering an area much larger than the EUV loop.
To relate the induced magnetic field to the current system around the loop, we define the angle γ between current and magnetic field so that
This allows us to quantify the discussion of the helical currents around the loop as visualized in Fig. 4 . To this end we plot the angle γ in Fig. 7b in the same vertical mid-plane between the footpoints as in Fig. 7a . In accordance with Fig. 3 we see that at the position of the loop (indicated by the yellow crosses), the currents are antiparallel to the field (γ≈180
. In contrast, away from the center of the loop the magnetic field deviates significantly from a force-free state as emphasized by values of γ close to 90
• with currents being almost perpendicular to the magnetic field, in particular in a large patch directly above the loop (see Fig. 7b ). This consideration clarifies that the strongest deviation from a force-free field is found outside the loop. One might be tempted to conclude that the field is force-free inside the loop, where the EUV emission is strong. However, this would not be correct. While there the currents are indeed parallel or antiparallel to the field (consistent with force-free) the currents can switch sign in response to the closing of the current system surrounding the loop (cf. Section 3.1), which cannot be captured by a forcefree description of the magnetic field.
We summarize that in a region significantly larger than the coronal loop seen in EUV we find a significant disturbance of the magnetic field directly related to the current systems. Inside and outside the EUV loop the assumption of a force-free field breaks down.
Plasma flows and induced magnetic field
To understand the origin of the induced magnetic field, we investigate the plasma motions in the loop structure. These motions can generate a (small) change in the magnetic field through the electromotive force. The plasma flows from the bottom of the corona into the loop are shown in Fig. 9a and b, where we plot the plasma velocities in the y-z and x-z planes, that is, in vertical planes across and along the loop. The flows are mostly upwards in both legs of the loop (Fig. 9b) . The cut perpendicular to the loop in the y-z plane reveals that the plasma moves upwards in the middle of the loop and disperses in the top of the loop in horizontal directions (Fig. 9a) . Transported away from the loop the plasma falls down again generating a small vortex-like flow structure in the y-z plane together with a velocity in the x direction. In one of these vortex-like structures the x-component of the induced magnetic field has a maximum, indicated with the yellow contours in Fig. 9a . A vertical cut through this location at 29.5 Mm (Fig. 9b) shows the upflows along the legs of the loop, the horizontal flow at top of the loop, and the downflows below the apex. The upward motion along the legs is consistent with the analysis by Chen et al. (2014) , where the flow is found to be driven by the Joule heating at the base of the corona.
The presence of the flow vortex and the induced magnetic field at the same location (Fig. 9a) indicates a connection between these two. To check this, we computed the curl of the electromotive force in the x direction because this is the main contribution for changing B x in time. We find positive values for the electromotive force of some 20 mG/s to 60 mG/s (in the positive x direction) at similar locations where also the large values of induced magnetic field are found (cf. Fig. 9c ). In particular, this is also the case at the same height as the loop and slightly below. Analyzing the same simulation, Chen et al. (2014) found that the flows into the loop last some 100 s (their Fig. 3d) . Consequently, together with the electromotive force, over this timescale we can expect an induced magnetic field of some 2 G to 6 G. This is just the induced magnetic field we find (cf. Fig. 9d) , that also points in the positive x direction. This induced magnetic field then slightly suppresses the background magnetic field, which is pointing in Fig. 9 . Flows, curl of electromotive force, and induced magnetic field in the loop structure of Chen et al. (2014 . The vertical cuts are perpendicular to the loop in the y-z plane at x ≈75 Mm (a) and along the loop in the x-z plane at y ≈30 Mm Fig. 9a and c as vertical lines) ; we refer also to Equations (3)- (6) for the contributions. Additionally we over-plot the same component of induced magnetic field B ind x (dashed black). The horizontal black dotted line represents the zero value. Data from of Chen et al. (2014 . We refer to Section 3.4.
the negative x direction near the loop top. So from this we can conclude that the flow in the loop induces a magnetic field that is directed opposite to the background field and thus reduces the field strength in the loop.
The induced magnetic field also has components in the other directions (Fig. 9d) , but we focus here on the x component as it is tightly related to the helical currents around the loop; we refer to Section 3.3. However, the other components of the induced magnetic field can also be linked in a similar way to their corresponding components of the curl of electromotive force.
As a next step we want to investigate which contribution of the flow acting on the magnetic field is dominant. The x component of curl of the electromotive force can be divided into four terms;
−B x ∂u y /∂y − B x ∂u z /∂z compression (4)
We note that the terms u x ∂B x /∂x and B x ∂u x /∂x are often added for completeness, but because their contributions cancel out, we do not show them here. Furthermore, we prefer this kind of separation because it makes it easier to disentangle the different contributions. The last contribution turns out be small and is neglected in the following discussion. In Fig. 10 , we plot the first three contributions over height at a location, where B (5) and between z = 11 and 13 the contribution of the compression (4) is also positive, but the advection (3) always dominates at these heights. A more detailed analysis reveals that compression becomes dominating in the legs. It is clear that considering all contributions is important to obtaining a full and accurate picture of magnetic field evolution. Pure advection would result in an overly large change in the magnetic field, therefore only fully compressible 3D MHD simulations are able to capture these plasma forces acting on the magnetic field and leading to the observed helical current structure.
The prominent flows and the induced magnetic field have an additional effect on the plasma and the force balance of the system. As shown in Fig. 8c of Chen et al. (2014) , the loop shows a concentration of density in the top-right part of the mushroomtype structure seen in the cross-sectional cut of the loop. This coincides well with the location of the induced magnetic field shown here in Figs. 7a and 9a. This local density enhancement can be explained by the upflows that transport material from the base of the corona into the loop structure. The density remains high there, because the magnetic field can keep it at the same position. The enhanced density leads to an enhanced pressure; the temperature is more uniformly distributed; we refer to Fig  8a of Chen et al. (2014) . In Fig. 11 , we plot the force balance and the distribution of pressure and magnetic energy over height at the same location as in Fig. 10 . The vertical force due to the pressure is exactly balanced by the magnetic pressure component of the Lorentz force (Fig. 11a) . The induced magnetic field lowers the background magnetic field strength and therefore the magnetic pressure in this region. This allows the generation of a local enhancement of the gas pressure. As plotted in Fig. 11b , the gas pressure is enhanced in the same region, where the induced magnetic field is present. Even though the plasma β is very small (β ≈ 0.018) 3 in this region, the gradient of pressure balances the Lorentz force. This seems to be counter-intuitive. However, the parts of the magnetic field and the pressure that do not change in space do not contribute to the force balance, but they define the value of β. Therefore, the value of plasma β in this region is misleading when investigating the force balance that is governed by the gradients.
Squashing of the loop
The plasma flows into and through the loop structure have consequences for the evolution of the magnetic field. Chen et al. (2014) reported a squashing of the loop in the later evolution. They suggested, that the interaction of the magnetic field of the loop with overlying coronal magnetic field is responsible for compression and squashing of the loop. A detailed analysis reveals that this conclusion might not be correct. The flows shown in Fig. 9a and b act also on the magnetic field directly above the loop. As shown in the Fig. 9c , the resulting change in magnetic field through the electromotive force is negative above the loop structure and positive inside the loop. Even though this plot is a cut through the right part of the mushroom-type structure (cf. Fig. 8) , the values are similar to those in the middle part of the loop. Because the background magnetic field points in the negative x direction, outside (above) the loop the flow results in an amplification, inside the loop to a suppression of the magnetic field. The amplitudes of the resulting change in the magnetic field are around 50 mG/s. This change of the magnetic field induced by the flow in the loop might well account for the squashing of the magnetic structure reported by Chen et al. (2014) . They found that the squashing of the loop takes place over the course of about 500 to 1000 s. During this time the electromotive force (induced by the flow) of about 50 mG/s will change the magnetic field by some 25 G to 50 G. This is a significant fraction of the background magnetic field strength, which is about 100 G near the loop apex. Above the loop the background magnetic field gets significantly enhanced, within the loop reduced. Essentially this looks like a pile-up of magnetic field above the expanding loop, or like a squashing of the loop.
We did not find any evidence that the overlying magnetic field plays an important role in the squashing process. Its contribution would show up in the diffusion term of the induction equation, but this term is one order of magnitude smaller than the flow acting on the magnetic field. Therefore we conclude that the expanding loop gets squashed through a change of magnetic field induced by the plasma flow through the loop.
Conclusions
In this work we analyzed the magnetic field and current structure of a bright coronal loop of the three-dimensional MHD simulation of Chen et al. (2014) . We found that while the magnetic field lines follow the loop structure as a concentrated flux bundle, A&A proofs: manuscript no. paper the current stream lines form a complex structure. In particular, in the coronal part of the loop the current density undergoes a change of direction along the loop. This behavior is related to the footpoint motions in the photosphere, where a bipolar vertical current structure is generated. Because the magnetic field connects smoothly the current concentrations with the same vertical direction, the currents cannot be aligned with the magnetic field. Furthermore, the bipolar current structures play an important role in forming a complex current system because the current stream lines have to wind around the loop to connect to the bipolar current concentration on the other side of the loop.
Most of the coronal part of the simulation is close to a current-free magnetic field configuration. We find that the currents are directly related to a reduction of the background magnetic field by about 4%, forming an isolated non force-free structure. Because this structure has the same location as the hot bright coronal loop, a non-force-free state seems to be a necessity for heating the loop to coronal temperatures.
The local reduction of the background magnetic field can be explained by plasma flows into and through the loop acting on the magnetic field. In agreement with Chen et al. (2014) , we found upward flows along the legs. The upward directed expansion of the loop creates vertical vortices next to the loop. This flow structure can be directly linked to the reduction of the magnetic field due to the curl of the electromotive force. The main contribution is the advection of field, but also compression and shear play a role.
The plasma flows acting on the magnetic field reduce the magnetic pressure. This allows for the stable concentration of density inside the loop, because the pressure gradient is balanced by the Lorentz force. This enhancement of density is crucial for the emission from the loop seen in extreme UV wavelengths. Additionally, we can relate the flow structure to the magnetic field evolution and explain the squashing of the loop at later times.
This work shows that a realistic modeling of a coronal loop structure, which produces realistic emissivity in coronal lines, needs to resolve the three dimensional structure of complex magnetic field and current systems. Even in a low-β environment, the plasma properties, that is, flow, density, and pressure, will significantly influence the magnetic field structure and evolution. This is in particular true if the coronal loop is formed above an emerging active region. Therefore, one dimensional loop models (e.g., Klimchuk 2006) , force-free extrapolations (Wiegelmann 2008) and magneto-frictional models (e.g., Cheung & DeRosa 2012) are most likely not able to reproduce the complex helical current structure and the related UV emission as found in our models.
The model analyzed here, of course, is not a perfect representation of an emerging active region on the Sun. The coronal model discussed here builds on a model for the emergence of magnetic flux from the upper convection zone to the surface (Rempel & Cheung 2014 ). On one hand, the flux emergence in this model, as well as in the related model of Cheung et al. (2010) is significantly faster than in the real Sun (Birch et al. 2016) . Therefore, the changes in our modeled coronal magnetic field might be faster than on the Sun. On the other hand, the flux tube emerging in our model is not twisted (in contrast to the model of Cheung et al. 2010) . A flux tube with a significant twist breaking through the surface would lead to a significant amount of magnetic helicity being injected into the corona and thus could lead to highly twisted magnetic structures in the corona. In that sense the considerations presented here represent lower limits for the amount of complexity of the current structures in and around coronal loops.
Further studies will involve the investigation of key parameters responsible for complex current systems. One possibility could be indeed the magnetic helicity, which is known to play an important role in the formation of unstable loop structures (e.g., Török & Kliem 2005; Pariat et al. 2015) and is connected to the underlying dynamo (e.g., Warnecke & Brandenburg 2010; Warnecke et al. 2011 Warnecke et al. , 2012 . Another future work path would be to perform realistic coronal simulations on top of selfconsistently formed bipolar flux concentration, either in convection (Stein & Nordlund 2012; Käpylä et al. 2016) or forced turbulence (Warnecke et al. 2013 (Warnecke et al. , 2016 .
